We document the initial-density dependence of the growth rate achieved by Jurkat cell cultures in a standard growth medium with fixed carrying capacity. As the density N 0 of the inoculum varies over 4 orders of magnitude, three distinct growth regimes appear. At small N 0 , the growth rate λ is roughly constant and displays small sample-to-sample variability. Upon increasing N 0 , λ increases slowly together with fluctuations. Finally, after peaking at an intermediate N 0 , it gets smaller and more homogeneous across cultures as the inoculum density converges to the carrying capacity of the medium. A minimal, deterministic, population-based mathematical model explains the observed qualitative features assuming (in agreement with data) the presence of a weak positive correlation between cell density and proliferation rate. These results support the idea that cell cultures can preserve a memory of the initial condition, possibly via contact interactions or through metabolic coupling.
I. INTRODUCTION
The inoculum density has long been known to affect different features of cell growth in a variety of cell types and organisms. Following Rubin's pioneering work on chick embryo cells [1] , initial density-dependent traits have been unveiled, among others, in bacterial [2] [3] [4] [5] , insect [6] , plant [7] [8] [9] and mammalian [10] [11] [12] cell cultures. Across different studies, such traits were found to include both physiological characteristics -like the doubling time, the maximum attainable cell concentration, or the duration of the lag phase-and metabolic signatures -such as the capacity to produce specific compounds. The growth rate, in particular, can appear to increase [6, 9] or decrease [8, 12] (see also [13] ) as the density of the inoculum changes. In cases where it remains roughly constant, its fluctuations can undergo significant shifts in magnitude upon modulating the initial seed [4, 7] . While it is a priori hard to compare growth properties across such a broad spectrum of cell types and experimental protocols, the very fact that these regularities are observed in a variety of different systems and conditions suggests that, at least in part, they could stem from a common set of mechanisms that are inherent in the culture's initial condition and whose effects are preserved during the subsequent history of the population.
Many background causes can lead to memory in cell growth. For instance, the standard logistic growth modelà la Baranyi [14] suggests that the growth medium can impose a welldefined initial-density dependence on the growth rate through a finite carrying capacity K.
In particular, the growth rate should be expected to decline as the initial seed approaches K, as quantified e.g. in [15] . More generally, initial density dependence can be understood in terms similar to those employed for generic density-dependent features described by the Allee effect [16, 17] . In this light, a decrease of growth rate with the initial cell density can occur whenever cells are subject to competition with density-dependent strength due e.g. to medium conditioning or finite resources. On the other hand, a positive correlation between the growth rate and the initial density can point to the existence of cooperative, density-dependent effects. Interestingly, memory and history-dependence have recently been investigated as factors influencing exit from quiescence in model REF/E23 cells [18] and competence in bacteria [19] . In the latter case, quorum sensing was identified as a central coordinating mechanism.
In this work, we have quantified the initial-density dependence of the growth rate and of its fluctuations in a widely used cancer cell type (Jurkat cells), varying the inoculum size over four orders of magnitude. We uncover a complex dependence of the effective growth rate of populations of identically prepared cultures on their initial density, with an initial slow increase followed by a rapid decrease as the initial density gets closer to the carrying capacity of the growth medium. In particular, the mean growth rate computed over multiple biological replicates appears to peak in a specific range of values for the inoculum density.
In addition, a considerable increase in growth-rate variability is observed upon increasing the initial density of the population starting from small values. Most notably, the size of fluctuations is found to be maximal when the mean growth rate peaks. As a first outcome of this analysis, we quantified the mean growth rate of the population in the log phase for every growth curve obtained from 145 different experiments. Figure   1 (a) shows that the distribution of growth rates thus obtained is a well-defined unimodal distribution, peaked around λ 0.025 h −1 .
As our experiments were started from a broad class of distinct initial conditions (defined by the value N 0 of the inoculum density), we checked consistency of the values of the carrying capacity over our entire dataset. Figure 1 (c) shows that the parameter A that defines the saturation level in the logistic fits we employed (see Methods) decreases linearly with log(N 0 ).
As the logarithm of the carrying capacity K is given by A + log(N 0 ), this confirms that K is indeed constant and independent on the seeding condition across different experiments.
B. The mean growth rate and the growth rate fluctuations are modulated by the initial cell density
When sorted with respect to the initial density N 0 , growth rates λ display a non-trivial behaviour. We checked if the growth rate dependency on N 0 were somehow related to the previous history of the culture, measured through the lag time t lag . However, there is no immediate dependence of λ on the lag time, see Figure 1 (e). This suggests that N 0 is the only variable that resolves the growth rates.
The overall behaviour of the mean growth rate as a function of N 0 is not consistent with an augmented limitation in the amount of resources per increased initial population size. In particular, the fact that the mean λ is enhanced by an increase of N 0 suggests that, when N 0 gets sufficiently large, the population can globally benefit from inter-cellular cooperation, consistently with a weak Allee effect scenario.
C. A minimal mathematical model explains the empirical picture
Experimental findings can be partially understood in terms of a minimal, deterministic mathematical model of population growth. Our central assumption is that cells evolve in an environment characterized by a fixed, N 0 -independent carrying capacity K (consistently with Figure 1 (c) and that the population growth rate correlates positively with the cell density at small densities, as described by the weak Allee effect [17] . Generalizing the standard model of the Allee effect discussed e.g. in [20] , the population size (or density) N can be thought to evolve according to
where r denotes an intrinsic time scale, K the carrying capacity of the growth medium and a ≥ 0 an exponent describing the strength of density dependence. The case a = 0 corresponds to standard logistic growth in the presence of a finite carrying capacity [14] .
For a > 0, the population growth rate Trajectories of (1) can be easily generated numerically for any given initial density N 0 and for a given (randomly generated) a and, provided N 0 is sufficiently far from the carrying capacity K, one can measure the growth rate defined as
where the duration of the lag phase (t lag ) and the exit time from the log phase (t log ) are defined as in Figure 3 , while N lag = N (t lag ) and N log = N (t log ). This study has presented a large-scale picture of how growth properties, specifically the growth rate and its fluctuations, are modulated by the inoculum density in a widely used cancer cell line. We performed 145 experiments in controlled media, the only difference consisting in the fact that we initialized cultures from different inocula, covering roughly four orders of magnitude in size. Starting from low initial densities N 0 , the mean growth rate slowly increases with N 0 , displays a maximum and then (expectedly) decreases as the initial population gets closer and closer to the carrying capacity of the medium. Growth rate fluctuations show a similar pattern, with a marked increase followed by a rapid decrease, and the maximum is attained at values of N 0 for which the mean growth rate peaks.
These results strongly indicate that the growth rate achieved for small-to-moderate initial densities can be influenced by the establishment of cooperative interactions within the populations. On the other hand, the finite carrying capacity suffices to explain the behaviour for larger values of N 0 . Indeed, following traditional modeling frameworks employed to describe cell populations, we developed a simple deterministic mathematical model that can fully recapitulate the observed behaviour.
The complex role of initial conditions highlighted here implicates memory and (possibly) history-dependence as potential determinants for the growth behaviour of mammalian cell cultures. Perhaps unsurprisingly, a precise quantification of their role in controlled experiments is thus far lacking. Yet, they might bear significant consequences on different levels. It would be particularly important to enrich the set of experimental evidence by cross-correlating the inoculum density to the characteristics of the log-phase and to those of the preceding adaptation period and by analyzing (or re-analyzing) these issues in different cell types. Moreover, it would be important to identify the population-level mechanisms underlying these results more clearly. Indeed, if the qualitative patterns uncovered in the present work are generic (i.e. not specific to the cell type we investigated), the same mechanisms are likely to be active in different contexts. In this light, a more thorough (and perhaps parameter-rich) modeling approach, would go beyond the minimal framework used here in shedding light on these findings.
IV. MATERIALS AND METHODS

A. Cell culture and counting
Jurkat cells (clone E6-1, ATCC) were cultured in RPMI-1640 Medium (Gibco) supplemented with 10% fetal bovine serum and penicillin/streptomycin at 37 o C and in 5%CO 2 .
Cells growing exponentially were then seeded at different concentrations in 6-well plates and saturation, we fit the growth curve with the logistic function [25] log
The parameters A, t lag and µ max are respectively the saturation, the lag time and the maximum growth rate. The maximum growth rate corresponds to the slope of the tangent to the inflection point. The lag time corresponds to the end of the adaptation phase, that is the beginning of the exponential one. In order to determine the end of the exponential phase we consider the time corresponding to the intersection between the saturation A and the tangent to the inflection point, see Figure 3 . We then fit the data within this range with a straight line whose slope corresponds to the effective growth rate λ of the population in the exponential phase. 
